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Abstract Asymmetrical ocean carbon responses to La Nifia and El Nifio complicate global carbon budget
estimation. Using multiple ocean CO, data products and an advanced ocean biogeochemical model, we
identified significant asymmetries in ocean carbon magnitude, spatial distribution, and duration in the tropical
Pacific Ocean. La Nifia enhances ocean CO, outgassing (0.1-0.2 PgC/yr) with a broader poleward extension
(15°S-15°N) for up to 3 years, while El Nifio reduces outgassing (0.2-0.4 PgC/yr) with a narrower poleward
extension (10°S—10°N) for up to 1 year. The air-sea carbon flux anomaly shifts westward during La Nifia and
eastward during El Nifio. These asymmetries are attributed to differing wind, precipitation, and ocean
circulation anomalies between La Nifia and El Nifio. Additionally, the cumulative carbon flux remains slightly
imbalanced, impacting the global ocean carbon sink balance. This study provides deeper insights into ocean
carbon sink variability and highlights the need for enhanced monitoring of asymmetrical ocean carbon
dynamics.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is a dominant factor in the
interannual variation of global air-sea CO, flux. In the ocean, ENSO manifests itself as a transition between El
Niflo and La Nifia. Because of the asymmetry between the two, it may exert a non-zero forcing, inducing
imbalanced carbon responses to ENSO. In this study, we have studied the asymmetry of air-sea CO, flux caused
by La Nifia and El Nifio events in the tropical Pacific Ocean. During La Nifia, ocean CO, emissions to the
atmosphere increase abnormally (0.1-0.2 PgC/yr), which lasts about 3 years with a broader poleward extension
(15°S—15°N). During EI Nifio, ocean CO, emissions to the atmosphere decrease abnormally (0.2-0.4 PgC/yr),
which is more intense and lasts about 1 year with a narrower poleward extension (10°S—10°N). What's more, the
ocean carbon anomalies caused by La Nifia tend to be more westward than those caused by El Nifio. Our study
shows that this is due to the combination of asymmetries in wind, rainfall, circulation anomalies, and biological
processes. This study will help people understand the ocean carbon sink deeply and improve the accuracy of
carbon budget estimation.

1. Introduction

Since 1850, the ocean has absorbed 26% of anthropogenic carbon (Friedlingstein et al., 2022), significantly
reducing atmospheric CO, concentration and mitigating global warming. However, the uncertainties in esti-
mating air-sea CO, flux limit an accurate understanding of the global carbon cycle and predictions of future global
warming rates. The El Nifio-Southern Oscillation (ENSO) is a principal driver in the global air-sea CO, flux
interannual variability, explaining about 70% of this variability (Le Quéré et al., 2000). In the ocean, ENSO
manifests itself as a shift between La Nifia and El Nifio (Friedlingstein et al., 2023; Timmermann et al., 2018).
Although La Nifia is often regarded as the mirror image of El Nifio, significant differences remain in terms of
amplitude, spatial structure, evolution, and global influence (Guan et al., 2019; Hoerling et al., 1997; Larkin &
Harrison, 2002; Li et al., 2024). This asymmetry allows the ENSO cycle to exert a non-zero forcing on the tropical
mean background state and potentially alters it (Choi et al., 2009). The asymmetrical ocean carbon responses over
long time scales, with cumulative effects, may affect global carbon balance and atmospheric CO, concentrations.
While most previous studies have concentrated on the impact of El Nifio on the ocean carbon dynamics, there is a
lack of systematic studies on the effect of La Nifia and its distinctions from EI Nifio. The detailed differences in
tropical Pacific Ocean carbon dynamics are delineated in this study.

Under normal conditions, the tropical Pacific Ocean is a major source of atmospheric CO,, emitting about +0.48
PgC/yr (Ishii et al., 2014; Takahashi et al., 2009). The CO, outgassing occurs in the equatorial region where
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upwelling transports the high dissolved inorganic carbon (DIC) from the subsurface to the surface (Feely
et al., 1987, 1999, 2002; Takahashi et al., 1997; Wanninkhof et al., 1996). Other processes, such as biological
activity and low-temperature effects, only partly offset the upwelling factor (Doney et al., 2009; McKinley
et al., 2004; Obata & Kitamura, 2003).

El Nifio weakens CO, outgassing while La Nifia amplifies it by changing upwelling intensity, temperature,
precipitation, and biological activity (Feely et al., 1987, 2002, 2006; Le Quéré et al., 2000). Extensive studies have
been done on the mechanisms of the air-sea CO, flux anomaly caused by El Nifio in the tropical Pacific Ocean
based on observations and modeling results (Feely et al., 1999, 2002, 2006; Liao et al., 2020; McKinley
et al., 2004; Qiao et al., 2005). The primary driving processes of CO, outgassing drawdown are as follows: (a)
DIC replenishment from subsurface is weakened due to a weakened upwelling and a deepening thermocline,
which is driven by weakened trade winds and equatorial Rossby waves during El Nifio (Doney et al., 2009). (b)
DIC is diluted by the eastward migration of warm-fresh pool and related increasing precipitation (Liao
et al., 2020; McPhaden et al., 1998; Wang et al., 2017). (c) The air-sea CO, flux is reduced by weakening trade
winds (Qiao et al., 2005). Additionally, the high-temperature anomaly and diminished biological consumption
increase ocean surface pCO, (Behrenfeld et al., 2001; Chavez et al., 1999), but the effects of these processes are
less significant compared to the others and can be canceled out.

During La Nifia, almost all the processes are reversed, which drives an amplified CO, outgassing in the tropical
Pacific Ocean (Feely et al., 2002, 2006; Ishii et al., 2009). However, these reversed processes are not
completely symmetrical in terms of amplitude, distribution, and evolution between La Nifia and El Nifio events
(Dommenget et al., 2013; Larkin & Harrison, 2002; Timmermann et al., 2018). This asymmetry probably arises
from asymmetrical atmospheric response to sea surface temperature (SST) anomaly (Kang & Kug, 2002),
oceanic nonlinear dynamical heating (An & Jin, 2004; Song et al., 2022), and nonlinearities in the wind-SST
feedback (Karamperidou et al., 2017). The asymmetry of ENSO regarding temperature, salinity, and atmo-
spheric circulation indicates that the La Nifia anomalies are more prevalent in the western part of the equatorial
Pacific Ocean with smaller amplitude, whereas El Nifio anomalies tend to propagate to the eastern side of the
basin with more pronounced amplitude (Chen et al., 2016; Guan et al., 2019; McPhaden & Zhang, 2009). La
Nifia often develops after an El Nifio event and can persist for two or more years (DiNezio et al., 2017; Iwakiri
& Watanabe, 2021; Wu et al., 2019), exhibiting many unique features which may induce distinct ocean carbon
responses. The detailed asymmetries of ocean carbon spatial and temporal responses to ENSO and their
controlling mechanisms are still not fully understood. A better understanding of these distinct ocean carbon
responses to La Nifia and El Nifio would enhance the precision of estimating ocean carbon sink variability and
the global carbon budget.

The paper is organized as follows: Section 2 describes data, model, and methods used in this study. Section 3
presents the spatial and temporal carbon responses to La Nifia and El Niflo, alongside the underlying physical and
biological processes. In Section 4, we summarize the findings and discuss the limitations and implications of this
study.

2. Data, Model, and Methods
2.1. Data and Model

The ocean pCO, and air-sea CO, flux data products are two reconstructed, global monthly gridded data
products, derived from the Surface Ocean CO, Atlas (SOCAT) pCO, database (Bakker et al., 2016). The first
product employs a neural network interpolation method referred to as the pCO,-based SOM-FFN product
(Landschiitzer et al., 2014). The second uses a mixed-layer scheme referred to as the pCO,-based MLS product
(Rodenbeck et al., 2013). The chlorophyll (Maritorena et al., 2010), nitrate (NO3), phosphate (PO,) (Garcia,
Locarnini, et al., 2013), sea surface temperature (SST) (Banzon et al., 2016), sea surface salinity (SSS)
(Melnichenko et al., 2021), mixed layer depth (MLD) (de Boyer Montégut et al., 2004), observed mooring data
(TAO) (McPhaden et al., 1998; Sutton et al., 2014), and other indicators related to ocean carbon dynamics are
also used in this study and detailed description refers to Text S1 in Supporting Information S1.
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The model employed in this study integrates a global ocean/sea ice model with a biogeochemical module from the
Geophysical Fluid Dynamics Laboratory (GFDL). The physical model comprises Modular Ocean Model version
6 (MOMBO6) and Sea Ice Simulator version 2 (SIS2), which are key ocean/sea-ice components of the GFDL climate
and Earth System Model (CM4 and ESM4). The version of the physical model adopted here is OM4p5 with a
horizontal resolution of 0.5° and eddy parameterization. The biogeochemical module is Carbon Ocean
Biogeochemistry And Lower Trophic version 2 (COBALT v2), including 33 state variables such as nutrients
(nitrate, phosphate, and iron), silicate, three phytoplankton groups, three zooplankton groups, three dissolved
organic carbon pools, one particulate detritus pool, oxygen, and the carbonate system (Stock et al., 2020). The
combined physical model and biogeochemical module are collectively referred to as MOM6-COBALT? in this
study (Adcroft et al., 2019; Stock et al., 2020).

The performance of the physical and biogeochemical model is thoroughly assessed, and it replicates well-
observed physical and biogeochemical features in the tropical Pacific Ocean, including both climatological
mean state and interannual variability. The assessment is illustrated in Figures S1-S9 in Supporting Informa-
tion S1. For more detailed model evaluations and model configurations, including spin-up, atmospheric forcing,
and initial conditions, please refer to Texts S1 and S2 in Supporting Information S1 and Liao et al. (2020).

2.2. Methods

The change in ocean pCO, (pCO,,,) is mainly related to the four elements: dissolved inorganic carbon (DIC), total
alkalinity (ALK), temperature (T), and salinity (S) (Ishii et al., 2004; Le Quéré et al., 2000; Takahashi
et al., 1993). This process can be expressed in Equation 1:

IPCO e 4 PO p a1 k4 PO 1, OPCO

ApCO,, ~
PP B T 5pIc oTALK oT oS

S (1

Based on Equation 1, Liao et al. (2020) derived an equation to decompose the ocean pCO, temporal change into
six driving processes.
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The flux response and pCO, change terms on the left-hand side (LHS) are the influence of the air-sea CO, flux on
ocean pCO, and the ocean pCO, time tendency respectively. The five terms on the right-hand side (RHS) are the
and V), the dilution/
concentration effects induced by fresh-water fluxes and evaporation (FW), the biological effects due to photo-
synthesis, respiration, calcium carbonate dissolution/precipitation, denitrification, and nitrification (Bio), and

horizontal and vertical transports of dissolved species, that is, DIC, Alk, and salinity (H.,.

vertical and horizontal transport and air-sea flux of heat (Thermal). On an interannual time scale, the two terms on
the LHS are considered passive, representing the changes in ocean pCO, driven by the five active processes on the
RHS in the tropical Pacific Ocean. For example, positive physical and biological contributions on the RHS would
yield an increase in pCO, (a positive pCO, change on the LHS) and corresponding oceanic outgassing of CO,
(positive flux response on the LHS). The detailed derivation of this equation refers to the Text S3 in Supporting
Information S1.

The tropical Pacific Ocean is defined as the region spanning 15°S—15°N, 150°E to the coast of South America in
this study. Due to the scarcity of observational data prior to 1990, La Nifia and El Nifio events are selected from
1990 to 2021, which could refer to the supporting information Section S4 (Rayner et al., 2003). To obtain
interannual pCO, anomalies for both model and observations, we first remove the long-term linear trend for
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Figure 1. Time-series of (a) air-sea CO, flux anomaly integrated over the tropical Pacific Ocean (15°N to 15°S and 150°E to the South American coastline), and spatial
distribution of air-sea CO, flux anomaly between La Nifia (b—d) and El Nifio (e-g) in two pCO,-based data products and the ocean model MOM6-COBALT?2. In panel
(a), the blue shading indicates La Nifia events and the yellow shading indicates El Nifio events. The spatial distribution is the 6-month mean (from January of year 2 to
June of year 2) for a composite of six La Nifia events and six El Nifio events. Positive values suggest an outgassing from the ocean to the atmosphere. Observational
pCO,-based products are from Rodenbeck et al. (2013) for MLS and Landschiitzer et al. (2014) for SOM-FEN. Black solid lines in the spatial shading map indicate
isolines with a CO, flux anomaly of 2 gC/m2/yr.

1990-2021, then subtract the climatological monthly value for the same period, and finally apply a 3-month
moving average filter (Liao et al., 2020).

3. Results
3.1. Asymmetrical Air-Sea CO, Flux Responses to La Nifia and El Nifio Events

The temporal response of the CO, flux anomaly exhibits distinct magnitudes and durations during La Nifia and El
Nifio events (Figure 1). A positive value indicates amplified outgassing and a negative value suggests reduced
outgassing. During La Nifia events, the tropical Pacific Ocean exhibits an amplified CO, outgassing, anomaly
ranging from 0.1 to 0.2 PgC/yr, which persists for 2-3 years. Conversely, during El Nifio, the ocean area shows a
reduced CO, outgassing, with rates of 0.2-0.4 PgC/yr, and this weakened outgassing usually lasts from 6 months
to 1 year. The comparison of CO, flux anomalies reveals a pattern of smaller magnitude and longer duration
during La Nifia, versus a larger magnitude and shorter duration during El Nifio, which are consistent with ocean
temperature, salinity, and atmospheric circulation comparisons (Burgers & Stephenson, 1999; Deser & Wal-
lace, 1987; Ishii et al., 2004; Iwakiri & Watanabe, 2021; Wu et al., 2019). These variations in CO, outgassing are
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closely linked to the intensity variability of equatorial upwelling among other dynamic oceanic processes in the
tropical Pacific Ocean (Behrenfeld et al., 2001; Feely et al., 2006; Ishii et al., 2014). The detailed driving
mechanisms responsible for these differences in magnitude and duration will be analyzed in subsequent sections.

The spatial response of air-sea CO, flux anomaly demonstrates distinct distribution during La Nifia and El Nifio
events. During La Nifia events, amplified CO, outgassing is concentrated along the equator, primarily around
180°, and extends significantly toward the poles. In contrast, during El Nifio events, the reduced outgassing is
positioned on the east side of 180° with a relatively modest poleward extension. Notably, the center of anoma-
lously high CO, flux during La Nifia events shifts westward compared to El Nifio, with this shift being evident in
both the equatorial region and its northern extension. The magnitude comparison indicates that the CO, flux
anomaly is weaker during La Niiia (0.042 + 0.019 PgCl/yr, 36-month average for the six events) than during El
Nifio (—0.062 = 0.017 PgC/yr, 36-month average for the six events). These differences in spatial distribution and
magnitude underscore distinct carbon dynamics associated with variations in circulation, precipitation, and
biological activity between La Nifia and El Nifio. The model effectively replicates the expected differences in
magnitude and spatial distribution between La Nifia and El Nifio as observed in data products. In addition, the two
data products show inconsistent carbon responses in the eastern equatorial tropical Pacific Ocean, which may be
related to sparse data availability (Landschiitzer et al., 2014; Rodenbeck et al., 2013).

3.2. Evolution of Asymmetrical Ocean pCO, Responses to La Nifia and El Nifio

Approximately 87% of the changes in air-sea carbon flux are explained by ocean pCO, variability (Figure S10 in
Supporting Information S1). Additionally, changes in wind speed account for about 9% of these changes in flux,
while variations in atmospheric pCO, explain roughly 2%. Thus, we focus on ocean pCO, variability to further
understand the differential carbon responses to La Nifia and El Nifio.

Consistent with air-sea CO, flux variability, the ocean pCO, increases during La Nifia and decreases during El
Niflo, which is related to the intensity of upwelling and other changed physical and biogeochemical processes
during ENSO (Feely et al., 1987, 2002, 2006; Inoue & Sugimura, 1992; Jones et al., 2001; McKinley et al., 2004).
The evolution of ocean pCO, anomaly every 6 months is depicted in Figure 2 to illustrate the detailed evolution of
asymmetrical ocean pCO, responses to La Nifia and El Nifio. Year 1 is defined as the onset of La Nifia and El
Nifio, with their peaks occurring in January and February of year 2. In line with the air-sea CO, flux asymmetries
(Figure 1), the ocean pCO, anomaly during La Nifia is characterized by a larger area, albeit with a lesser
magnitude, and a longer duration compared to El Nifio (Figure 2).

During the summer of La Nifia year 1 (the first 6 months, Figure 2a), the ocean pCO, anomaly (8—12 patm)
initially increases in the western equatorial Pacific Ocean, centered around 165°E. Subsequently, this anomalous
increase in pCO, spreads eastward across the entire equatorial Pacific Ocean, forming two distinct centers
(16 patm) along the equator, which are located in 155°E—75°E, 3°S-3°N and 150°W-110°W, 5°S-1°S. The
ocean pCO, anomaly (8 patm) extends poleward, particularly with the northern boundary reaching as far as 18°N
during the spring of La Nifia year 2 (January to June of year 2, Figure 2b). Notably, the northward extension is
situated west of 180°, aligning with the western equatorial center. As La Nifia enters the summer of year 2 (July to
December of year 2, Figure 2c), the ocean pCO, anomaly diminishes from 16-20 to 12 patm in the equatorial
region, yet the affected region continues to expand both northward and southward, reaching beyond 15°S and
15°N. Both the northward and southward extensions illustrate a westward shift compared to El Nifio. The pattern
of rising and spreading ocean pCO, anomaly (8—16 patm) persists in the tropical Pacific Ocean during the
subsequent year (January to June of year 3, Figure 2d). After the summer of La Nifia year 3, the ocean pCO,
anomaly decays and reverts to normal conditions (Figure 2e).

When El Nifio starts (Figure 2f), the ocean pCO, anomaly undergoes a similar evolution that the initial variability
emerges in the western equatorial Pacific Ocean, and then spreads eastward, showing two centers along the
equator. The western ocean pCO, anomaly center (<—12 patm) is situated around 180°, which is further eastward
compared to La Nifia. During the spring of El Nifio year 2 (January to June of year 2, Figure 2g), the ocean pCO,
intensifies along the equator (<—16 patm), causing the two centers to merge, making their boundary nearly
indistinguishable. The subsequent poleward extension (—8 patm) reaches only 10°N and 10°S, which is 5° less
equatorward compared to La Nifia. Notably, the northward extension during El Nifio shifts eastward relative to La

SUN ET AL.

5of 13

85UB01 7 SUOWILLIOD BA1ER10 8|qedl|dde auy Aq pausenob ae ssole YO ‘88N JO Sa|n. 1oy A%eiq1T 8Ul|UO AB|1M UO (SUOTHPUOD-PUE-SWR)ALIY A8 |IMAIq 1[Bul [U0//StIY) SUORIPUOD pue swiie 1 8y 8eS *[5202/60/20] Uo Ariqiauliuo Ao|im 'dig subewpig a11ue0 Jeuely| Aq 6502TT 191202/620T 0T/I0p/L0d A8 M Aeiq1jeul|uo'sgndnfey/sdny wouy pepeojumoa ‘v ‘520z ‘L008776T



A~y .
M\I Geophysical Research Letters 10.1029/2024GL112039
La Nifa El Nifio
JASOND (yearl) JASOND (yearl)
15°N -
00
15°S A
. ; i . . 16
JEMAMJ (year2) JFMAM] (year2)
W(b) .@.‘w - - ; >,
15°N f
Oo 'i’i 44444 —_
15°5 1 s £
©
. . ; : ; =
>
©
15°N g
0° 1 05
15°S A o
Q
o
[
©
15°N -8 O
0° A =
15°5 1, -
JASOND (year3) JASOND (year3) _16
B 1 = g ) T el
o T A
0° 7=, e Tis
1505_-, W\ - _—c— q;}vo _,,,“i\«\’\ v
120°E 180° 120°W 120°E 180° 120°W

Figure 2. The evolution of ocean pCO, anomaly during La Nifia (a—e) and El Nifio (f—j) from July of year 1 to December of year 3 based on the MOM6-COBALT2
model result. JASOND (year 1) indicates the months from July to December in the first year, and JFMAMIJ (year 2) indicates the months from January to June in the
second year. ENSO peaks in January and February of year 2. The results are averaged over 6 months for a composite of six La Nifia events and six El Nifio events.
Positive values are anomalous increases in ocean pCO,. Black solid lines indicate isolines with an ocean pCO, anomaly of 4 patm.

Nifia. The peak in ocean pCO, occurs only in the spring of El Nifio year 2 and then decays by the following
summer. During this decay period (Figure 2h), the poleward extension shows a significant eastward shift. Since El
Niflo is able to be separated into eastern El Nifio (EP) and central El Nifio (CP) (Ren & Jin, 2011; Wang
etal., 2022; Yu et al., 2012), a further analysis indicates the air-sea carbon flux anomaly caused by EP El Nifio is
stronger, more eastward, and longer duration than CP El Nifio. The intensity of the EP El Nifio (—0.11 + 0.038
PgClyr, 36-month average for the two events) is about twice that of the CP El Nifio (—0.039 £ 0.015 PgClyr, 36-
month average for the four events) and the driving mechanisms are analyzed in the Text S5 in Supporting In-
formation S1 (Figures S14-S16 in Supporting Information S1). Overall, the evolution of ocean pCO, anomaly
during El Nifio exhibits intense variability (<—16 patm) in the equatorial region, with a narrower poleward
extension (10°S—10°N) and a shorter duration (6 months—1 year) compared to La Niiia.

The ocean carbon responses to La Nifia and El Nifio exhibit asymmetry in amplitude, spatial pattern, and duration,
which shows a similar asymmetry to ocean temperature, salinity, and atmospheric circulations (Figures S7 and
S11-S13 in Supporting Information S1). During La Nifia, a high ocean pCO, anomaly (>8 patm) extends across
the entire tropical Pacific Ocean, spanning from 15°S to 15°N and 140°E to 285°E, for nearly 2 years. Conversely,
during El Niflo, the significantly low ocean pCO, anomaly (<—12 patm) is confined to the eastern part of the near-
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Equation 2. The pCO, change (a, g), which includes pCO, time tendency and changes by the air-sea flux, can be attributed to changes in horizontal (b, h) and vertical (c,
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panels (a, g) delimit the four regions for a detailed mechanisms analysis. Positive values correspond to an increase in ocean pCO,.

equatorial Pacific Ocean with a weaker poleward extension (10°S—10°N), lasting only 1 year. These differences
highlight the varying roles of driving forces in regulating the ocean pCO, anomaly, which will be explored in the
following section.

3.3. Driving Mechanisms of Asymmetrical Ocean pCO, Response to La Niiia and El Niiio

We examine the mechanisms controlling the asymmetrical carbon responses observed during El Nifio and La
Nifla. As shown in Figure 3, the two inactive terms exhibit consistent asymmetry in amplitude and distribution,
resulting from the interplay of horizontal transport (circulation) and vertical transport (mixing and upwelling),
fresh-water flux (dilution and concentration effect), biological activity, and thermal processes. To thoroughly
examine the controlling processes behind these asymmetries, the tropical Pacific Ocean is divided into four
distinct regions: (a) the western near-equatorial region, (b) the eastern near-equatorial region, (c) the northern
region, and (d) the southern region (Figures 3a and 3g).

In the western near-equatorial region (Figures 3a—3f, 4a, and 4b), changes in ocean pCO, (1.8 patm/month)
during La Nifia are primarily driven by vertical transport (4.3 patm/month) and fresh-water flux term (dilution/
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western near-equatorial, the eastern near-equatorial, the northern, and the southern regions respectively. Positive values correspond to an increase in ocean pCO,.

concentration effect, 2.4 patm/month), with biological activity (—5.0 patm/month) partially offsetting these ef-
fects. Horizontal transport (—0.01 patm/month) and thermal (—0.3 patm/month) processes contribute weakly to
the changes in ocean pCO, compared to other factors. Vertical transport term (Figure 3c) brings higher ocean
pCO, water to the surface when La Nifia drives stronger trade winds, leading to enhanced mixing and upwelling.
Concurrently, as a result of stronger trade winds, precipitation anomaly moves westward to around 160°E
(Figures S12b and S12d in Supporting Information S1), increasing evaporation in this area and consequently
rising ocean pCO,. The stronger trade winds also drive an intensified south equatorial current and enhanced
poleward Ekman transport (Figure S13 in Supporting Information S1). Consequently, the zonal horizontal
transport term (south equatorial current) positively contributes to high ocean pCO, by moving high ocean pCO,
water along the equator from the eastern equatorial region to this area (Figure 3b). Conversely, the meridional
horizontal transport term (poleward Ekman transport driven by easterly wind) reduces ocean pCO, by moving
high ocean pCO, water poleward, thereby lowering the equatorial region (Figure 3b). As a result of this
compensation, the net effect of horizontal transport makes a weak contribution (—0.01 patm/month) to ocean
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pCO, change in the western equatorial tropical Pacific Ocean. Underlying stronger upwelling, increased bio-
logical activity occurs in the equatorial area and consumes more carbon, leading to a negative contribution
(Figures 3e and 4a).

These processes are reversed during El Nifio (Figures 3g—31 and 4f—4g), with a similar contribution to the changes
in ocean pCO, and carbon flux like La Nifia. However, the spatial distributions of these processes shift eastward,
explaining the eastward shift of ocean pCO, anomaly during El Nifio. The eastward displacement of trade winds
anomaly (Figures S12a and S12c in Supporting Information S1) drives intensive changes in vertical mixing and
upwelling in the eastern part of the equatorial Pacific Ocean, amplifying ocean carbon response (—2.9 patm/
month) east of 180° during El Nifio. In contrast, the trade winds anomaly pattern is located farther west (Figure
S12 in Supporting Information S1), leading to increased ocean pCO, (1.8 patm/month) west of 180° during La
Nifla. Following the east-west shift of wind anomaly, the precipitation anomaly exhibits a similar spatial dis-
tribution (Figure S12 in Supporting Information S1), which enhances the east-west displacement of ocean carbon
anomaly during ENSO. Additionally, the wind and precipitation anomalies are stronger during El Nifio events
(Figures S12e and S12f in Supporting Information S1), which is responsible for the amplified vertical transport
(—4.1 patm/month) and fresh-water flux (—2.7 patm/month) terms, resulting in an increased amplitude of the
ocean carbon response to El Nifio in this area.

In the eastern near-equatorial region (Figures 3a—3f, 4a, and 4c¢), the changes in pCO, (2.8 patm/month) during La
Nifa are also controlled by vertical transport (9.5 patm/month) and fresh-water flux (1.0 patm/month), but with
greater amplitude compared to the western near-equatorial region. During La Nifia, stronger trade winds and
reduced precipitation drive amplified vertical transport and fresh-water flux terms, leading to increased ocean
pCO, (Figures 3a, 3c, and 3d). Whereas El Niflo is characterized by weaker trade winds and increased precip-
itation, resulting in stronger vertical transport (—11.9 patm/month) and fresh-water flux (—2.3 patm/month) terms
and then more reduction of ocean pCO, (—4.5 patm/month, Figures 3g—31, 4f, and 4h). The intensities of wind and
precipitation anomalies during El Nifio are greater than during La Nifia, which is consistent with previous studies
(Tang et al., 2019) and explains the asymmetrical amplitude of ocean carbon responses to ENSO. Biological
activity (—5.4 patm/month) and horizontal transport (—3.1 patm/month) terms are the main offsetting factors.
Specifically, the horizontal transport term acts to move anomalous ocean pCO, water away both zonally and
meridionally, exhibiting an offsetting effect (Figures 3b and 4a). The spatial distributions of vertical transport and
fresh-water flux terms follow the wind and precipitation anomalies pattern, as observed in the western near-
equatorial region (Figure S12 in Supporting Information S1).

In the southern and northern regions, the variability of ocean pCO, is primarily driven by the horizontal transport
term (Figure 4), which moves the anomalous ocean pCO, water (La Nifia: 1.6 patm/month; El Nifio: 1.5 patm/
month) from the equator to these regions. Amplified horizontal transport occurs predominantly west of 180°
during La Nifia (Figure 3b) and east of 180° during El Nifio (Figure 3h). This explains the differing distribution of
poleward extension between La Nifia and El Nifio. In contrast to the near-equatorial region, the vertical transport
term is not active, thereby offsetting the ocean pCO, anomaly driven by the horizontal transport term (Figures 4a
and 4f).

The temporal evolution suggests the vertical transport term intensifies during spring and decays in summer (CP El
Nifio is slightly earlier), driving a cyclical pattern of ocean carbon anomaly in the western and eastern near-
equatorial regions (Figures 4b, 4c, 4g, and 4h). Subsequently, the horizontal transport (poleward Ekman trans-
port) delivers the anomalous ocean pCO, from the equatorial region to the northern and southern regions with a 3—
6 months delay (Figures 4d, 4e, 4i, and 4j). This also results in a delayed cycle of ocean carbon anomaly in the
northern and southern regions.

4. Discussion and Conclusion

La Nifia drives amplified CO, outgassing, whereas El Nifio induces weakened outgassing in the tropical Pacific
Ocean (Figure 1). The reversed ocean carbon flux anomalies are asymmetrical in terms of amplitude, spatial
distribution, and duration (Figures 1 and 2). The ocean carbon response to La Nifia usually exhibits a smaller
amplitude (0.1-0.2 PgC/yr) but affects a larger area (15°S—15°N) and lasts longer (2-3 years). In contrast, the
response to El Nifio has a larger amplitude (0.2-0.4 PgC/yr), but impacts a smaller area (10°S—10°N) and persists
for a shorter duration (1 year). Additionally, the ocean carbon anomaly tends to shift westward during La Nifia and
eastward during El Nifio.
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The high ocean pCO, anomaly (8—-12 patm/month) initially emerges in the western equatorial Pacific Ocean,
triggered by a westerly wind anomaly at the beginning of La Nifia (Figure 2). Subsequently, the wind anomaly and
associated Rossby wave propagate eastward along the equator, intensifying the mixing, upwelling, and ther-
mocline tilt across the entire equatorial region. The intensified vertical transport term brings higher ocean pCO,
water from the subsurface to the surface, increasing ocean pCO, (9.5 patm/month, Figures 3c and 4). Addi-
tionally, the reduced precipitation anomaly further raises ocean pCO, through a concentration effect (2.4 patm/
month, Figures 3d and 4). Consequently, we observe a spreading of ocean pCO, anomaly along the equator, with
two centers in the equatorial region (Figures 2 and 3a). The eastern center (2.8 patm/month) displays a signifi-
cantly higher ocean pCO, anomaly than does the western center (1.8 patm/month). Under the influence of
stronger easterly winds, the south equatorial current transports higher ocean pCO, water from the eastern to the
western side, contributing to the western center (Figure 3b). The amplified easterly wind also drives poleward
Ekman transport, which delivers anomalous ocean pCO, water from the equatorial region to the southern and
northern regions (1.2 patm/month, Figures 3b and 3c), resulting in a poleward extension of high ocean pCO,
anomaly (0.4 patm/month). These processes slightly weaken in the following summer (Figure 2¢) but continue to
amplify in the subsequent spring (Figure 2d). Under the continuous forcing, the anomalous ocean pCO, water
almost occupies the entire tropical Pacific Ocean (15°S—15°N and 150°E—285°E) for a duration of almost 2 or
3 years (Figure 2).

El Nifio drives an intense low ocean pCO, anomaly (12-16 patm/month), exhibiting a similar evolution to La
Nifa in the tropical Pacific Ocean (Figures 2—4). However, compared with La Nifia, the wind and precipitation
anomalies during El Nifio are much greater and more confined to the equatorial region (Figure S12 in Supporting
Information S1). The pronounced wind and precipitation anomalies intensify ocean pCO, anomaly in the near-
equatorial region, which contributes to the asymmetrical amplitude of ocean carbon responses to La Nifia and El
Nifio. Because the easterly wind is anomalously weakened, the intensity of poleward Ekman transport during El
Niflo is less than that during La Nifia. The weaker poleward Ekman transport only delivers anomalous ocean
pCO, water as far as 10°S—10°N, which is 5° less equatorward than La Nifia (Figure 2). In addition, the anomalous
forcing persists only 6 months to 1 year during El Nifio, which enables the expansion of anomalous ocean pCO,
water to last for a shorter duration (Figures 2 and 4g—4j). These factors account for the different spatial distri-
butions of ocean carbon anomalies between La Nifia and El Nifio.

As a result, the asymmetrical ocean carbon responses to La Nifia and El Nifio are primarily attributed to
asymmetrical wind, precipitation, horizontal circulation, and biological anomalies. It should be noted that our
results are largely based on surface ocean pCO, anomaly, while air-sea CO, flux is also affected by wind speed,
atmospheric humidity, pressure, and pCO,. Therefore, more detailed studies are needed to obtain the spatial and
temporal characteristics of these impacts on air-sea CO, flux.

Moreover, our model does not fully capture the actual changes in ocean pCO, in the equatorial Pacific Ocean. For
example, the slightly shallower simulation of the mixed layer depth and the biased simulation of salinity may
overestimate the impact on vertical transport (Figure S3 in Supporting Information S1), which may be related to
the vertical mixing scheme. This discrepancy may also lead to an underestimated pCO, variability (Liao
etal., 2020). What's more, the different wind products could slightly influence the estimated contribution of ocean
pCO, on the air-sea CO, flux interannual variability. However, these biases are very minor compared with the
simulated CO, interannual variability which would not influence the results.

Considering both magnitude and duration, the cumulative carbon anomaly during all La Nifia and El Nifio events
almost balances out over a long-time scale. The net carbon flux anomaly, integrated from 1990 to 2021, is about
0.71 PgC in the tropical Pacific Ocean, suggesting a slightly stronger carbon outgassing from La Nifia in this
period. Gruber et al. (2023) noted that there is an estimated 6 + 5 PgC carbon loss due to climate variability or
non-steady state over the past three decades (1990-2020). This imbalance between La Nifia and El Nifio might
contribute to the observed carbon loss (about 20%). The contributions of the tropical Pacific Ocean and other
ocean basins to the imbalance are estimated in the Text S6 in Supporting Information S1 (Table S1 in Supporting
Information S1). The largest contribution is from the Pacific Ocean (56.2%) and the Indian Ocean (25.2%), which
might be closely related to ENSO, Pacific Decadal Oscillation (PDO), and Indian Ocean Dipole (IOD) vari-
abilities. In the context of global warming, the frequency of extreme La Nifia and El Nifio increases due to
complex nonlinear air-sea interaction (Cai et al., 2018, 2022). We would expect a changing asymmetry of carbon
variability between La Nifia and El Nifio. However, the detailed asymmetrical change depends on the intensity
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change of La Nifia and El Nifio under global warming. More studies focusing on the cumulative carbon flux in the
global ocean during La Nifia and El Nifio are essential for a better understanding of carbon loss due to climate
variability.

The asymmetrical amplitude of ocean carbon flux might also influence the land-ocean carbon balance on an
interannual scale. The ocean's role in offsetting land carbon flux anomaly may be diminished during La Nifia and
enhanced during El Nifio. Under global warming, the ocean's ability to offset land carbon flux may be affected by
changes in the asymmetry of ocean carbon variability. However, the detailed influence still requires further
studies due to the significant uncertainty regarding the intensity changes of La Nifia and El Nifio under global
warming. In addition, the westward shift of high ocean pCO, water could potentially amplify the ocean acidi-
fication near the Great Barrier Reef (150°E) (Mongin et al., 2016). It is crucial to closely monitor these asym-
metrical carbon responses, including the variations in the ocean-land carbon balance and potential increases in
ocean acidification. The carbon sink is more variable than long assumed (Gruber et al., 2023). A better under-
standing of ocean carbon variability during ENSO could reduce more uncertainties in the global carbon budget's
interannual variability and land-ocean carbon balance, refine ocean carbon sink loss, and improve ocean acidi-
fication prediction.

Data Availability Statement

The ocean pCO, and air-sea CO, flux data products are derived from the Surface Ocean CO, Atlas (SOCAT)
pCO, database (Bakker et al., 2016). The pCO,-based SOM-FEN product is from Landschiitzer et al. (2014), and
the pCO,-based MLS product is from Rodenbeck et al. (2013). The MOMS6 source code is publicly available at
this site (https://github.com/NOAA-GFDL/MOM6-examples.git). The model results and processing codes used
in this study are publicly available on Zenodo (Sun et al., 2024).
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